Leptin is a 167-aa protein that is secreted from adipose tissue and is important in the regulation of energy balance. It also functions in hematopoiesis and reproduction. To assess whether leptin is involved in fetal growth and development we have examined the distribution of mRNAs encoding leptin and the leptin receptor (which has at least six splice variants) in the 14.5-day postcoitus mouse fetus and in the placenta using reverse transcription-PCR and in situ hybridization. High levels of gene expression for leptin, the leptin receptor, and the long splice variant of the leptin receptor with an intracellular signaling domain were observed in the placenta, fetal cartilage͞bone, and hair follicles. Receptor expression also was detected in the lung, as well as the leptomeninges and choroid plexus of the fetal brain. Western blotting and immunocytochemistry, using specific antibodies, demonstrated the presence of leptin and leptin receptor protein in these tissues. These results suggest that leptin may play a role in the growth and development of the fetus, both through placental and fetal expression of the leptin and leptin receptor genes. In the fetus, leptin may be multifunctional and have both paracrine and endocrine effects.
The mouse Obese (OB) gene was isolated using classical positional cloning techniques (1) . The Obese gene product, leptin, is a 167-aa protein, and adipose tissue has been recognized as the major, if not exclusive, site of OB gene expression and leptin secretion (2) . Leptin is deficient in the obese ob͞ob mouse where daily administration of recombinant leptin causes a reduction in body weight, body fat, and food intake, as well as an increase in metabolic rate and physical activity (3) (4) (5) . These studies demonstrate that leptin is important in the regulation of body weight and fat deposition; however, that does not appear to be leptin's only function. In common with many other cytokines, leptin has a role in hematopoiesis (6) (7) (8) where it stimulates proliferation and differentiation (6, 7) . Leptin treatment also has been demonstrated to restore fertility to mice that are genetically deficient in leptin (9, 10) and to accelerate the onset of puberty in female rodents (11, 12) , indicating another role for this hormone in the control of reproductive status.
The leptin receptor (OB-R) gene has been shown to have at least six splice variants OB-R(a-e) (13, 14) and muB219 (8) . The OB-Rb variant encodes a receptor with a long intracellular domain that is thought to be essential for intracellular signal transduction (15) . Using in situ hybridization in the mouse, OB-Rs have been localized in the brain (16, 17) and other tissues (18) . In the latter study, OB-R, in particular OB-Ra, was expressed in a wide range of tissues in agreement with earlier studies using reverse transcription-PCR (RT-PCR) (14, 15) . In contrast, the long form of the receptor, OB-Rb, was expressed at detectable levels, outside of the brain, only in the kidney and adrenals (18) . A study using RNase protection assays, however, reported the long form of the OB-R to be present in a range of tissues at between 3-5% of the total OB-R expression, with much higher levels in the hypothalamus (19) .
Although the secretion of leptin by adipose tissue has been the major focus of research, the expression of leptin, by Northern blotting at low levels, in the human placenta (20) indicates a role in placental function or fetal growth and development. To assess a possible role of leptin in placental and fetal function we have examined leptin and OB-R splice variant gene expression in the mouse placenta and fetus (14.5 days postcoitus) using both RT-PCR and in situ hybridization. Western blotting and immunocytochemistry also were used to examine the presence of leptin and OB-R protein using specific antibodies.
as described (18) . The leptin gene and OB-Rb used the same amplification conditions as OB-R (18) . Agarose gel electrophoresis (2%) in the presence of ethidium bromide confirmed the presence of a single band of the expected size for each of the PCR primer pairs.
In Situ Hybridization. Using the same specific primers used for RT-PCR, except for OB-Rb where the primers are described elsewhere (18) , cDNAs were cloned for the generation of in situ hybridization probes. Probes to leptin, the common OB-R sequence, OB-R, and the long form of the OB-R, OB-Rb, were produced as described (16, 18) . PCR products were purified using Wizard PCR preps (Promega) and cloned directly into pGEM-T (Promega). The sequence and orientation of the inserts were confirmed by automated sequencing. Plasmids were linearized with SacI or ApaI for transcription with T7 or SP6 RNA polymerase to generate antisense and sense riboprobes.
In situ hybridization techniques have been described in detail elsewhere (16, 21) . Twenty-microgram thick cryostat sections were mounted on poly(L-lysine)-coated slides and stored at Ϫ70°C. After fixation in 4% paraformaldehyde in 0.1 M phosphate buffer, and acetylation in 0.1 M triethanolamine͞ 0.25% acetic anhydride for 10 min, hybridization was performed using 35 S-labeled cRNA probes at concentrations of 1.5-2 ϫ 10 7 cpm͞ml. Probes were prepared in a solution containing 50% formamide, 0.3 M NaCl, 10 mM Tris (pH 8), 1 mM EDTA, 0.05% tRNA, 10 mM DTT, 1ϫ Denhardt's solution, and 10% dextran sulfate, and they were hybridized to sections overnight at 58°C. After hybridization, slides were treated with RNase A, desalted, with a final high stringency wash (30 min) in 0.1ϫ standard saline citrate at 60°C, and dehydrated. Dried slides were apposed to Hyperfilm ␤-max (Amersham) for film autoradiography or coated with LM-1 autoradiographic emulsion (Amersham).
Antisera. The murine leptin antiserum is a rabbit anti-leptin antiserum that binds to the epitope corresponding to amino acids 145-156 (Genosys, Cambridge, U.K.). This antiserum was used for Western analysis. The human leptin antiserum is a rabbit anti-leptin antiserum that was raised against recombinant human leptin (a gift from SmithKline Beecham Pharmaceuticals, Great Burgh, Surrey, U.K.). This antiserum was used for immunocytochemistry. The murine OB-R antiserum is a goat anti-OB-R antiserum that binds to the epitope corresponding to amino acids 32-51 mapping at the amino terminus of the murine OB-R (Research Diagnostics, Flanders, NJ). This antiserum was used for both Western blotting and immunocytochemistry.
Western Analysis. Placental tissue was homogenized in a buffer containing 250 mM sucrose, 0.2 mM EDTA, and 1 mM Hepes at pH 7.2 and quantified using BSA as standard. Ten micrograms of placental protein were loaded onto a gel, subjected to SDS͞PAGE (3% stacking gel; 11% running gel), and then electroblotted onto nitrocellulose membranes (Hybond C-extra, Amersham) using a semidry electroblotter (Sartorius, GB-Belmont). Membranes were blocked in Trisbuffered saline (TBS)-Tween buffer, pH 7.5 (20 mM Tris͞500 mM NaCl͞0.05% Tween-20) containing 10% skimmed milk powder for 1 hr then exposed to anti-leptin or anti-OB-R serum at a dilution of 1͞200 in TBS-Tween buffer, pH 7.5 containing 3% skimmed milk powder for 2 hr. Membranes then were washed and incubated with anti-rabbit Ig or antigoat Ig conjugated to horseradish peroxidase diluted 1͞5,000 in the same buffer for 1 hr. After a series of washes in TBS-Tween buffer, protein bands were visualized by chemiluminescence with an ECL luminescence kit (Amersham) and exposure to Hyper-film ECL (Amersham). The size of the protein bands was determined using electrophoresis color markers.
Immunocytochemistry. Sections were prepared as described for in situ hybridization. Nonspecific binding was blocked by incubating in normal serum for 20 min. Tissue sections were incubated overnight at 4°C with primary antiserum directed against either human leptin or the murine OB-R. The leptinantiserum was diluted 1͞100, and the OB-R antiserum was diluted 1͞200. Sections were washed for 15 min in PBS buffer and then incubated for 30 min with biotinylated secondary antibody and either anti-rabbit or anti-goat conjugated to biotin according to the manufacturer's instructions (Vectastain Elite ABC kit, Vector Laboratories). Colored end- product was developed with Sigma Fast DAB peroxidase substrate kit. Sections were counterstained with either neutral red or toluidine blue. The specificity of the immunoreaction was confirmed by (i) omission of the primary antibody for both leptin and the OB-R, (ii) incubation with human IgG antiserum (Vector Laboratories) instead of the primary antibody in the case of the OB-R, or (iii) preabsorption of the leptin antiserum with synthetic leptin.
RESULTS
Leptin mRNA was detected in the murine placenta at an apparently similar level of expression to white adipose tissue as determined by RT-PCR (Fig. 1) . The receptor splice variants, OB-R, OB-Ra and OB-Rb, all also were expressed in placentae (Fig. 1) . RT-PCR is a highly sensitive technique, and it is important from a functional perspective to demonstrate both mRNA and associated protein expression. Western analysis showed that leptin protein was present in the murine placenta (approx. 16 kDa); leptin protein also was detected in rat, human, and ovine placentae ( Fig. 2A) . The other band detected in the white adipose tissue may represent a degradation product (Fig. 2 A) . In addition to leptin, the OB-R protein also was detected in murine placenta with a molecular mass of approximately 120 kDa (Fig. 2B) . Leptin mRNA was localized by in situ hybridization to the placenta and specific sites in the mouse fetus. High levels of leptin gene expression were observed in the placenta and in fetal cartilage͞bone, in particular, the vertebrae, ribs, scapula, clavicle, humerous, ulna, radius, mandible, femur, digits of the hindlimb, and the primordium of incisor teeth. Hybridization of the leptin probe also was observed over the cochlear duct, nasal turbinate, and hair follicles including the verbrisae (Figs.  3 and 4) . Hybridization with the sense probe to leptin resulted in a weak, general, or undetectable signal (Figs. 3 and 4) .
Using the OB-R probe to the common OB-R sequence for in situ hybridization, high levels of expression were observed in the placenta, the same cartilage structures expressing leptin mRNA, as well as the lung, cochlear duct, nasal turbinate, and hair follicles (Figs. 3 and 4) . OB-R gene expression also was observed in the lung as well as the leptomeninges and choroid plexus in the fetal brain, though not in the hypothalamus (Figs.  3 and 4) . In situ hybridization with the probe for the long splice variant, OB-Rb, revealed a similar, but weaker, specific hybridization pattern to OB-R; however, no expression was observed in the lung (Fig. 3 ). At the light microscope level, dark-field images of serial sections illustrated that the leptin, OB-R, and OB-Rb probes hybridized to different cell populations in the rib (Figs. 3 and 4 ; fifth rib given as an example). It is noteworthy that leptin, OB-R, and OB-Rb mRNAs were expressed more densely in the placenta than in fetal tissues.
Immunostaining for leptin and the OB-R was observed in all tissues examined where leptin and OB-R mRNA previously had been detected by in situ hybridization (Fig. 5) . The specificity of the leptin antiserum was confirmed by the absence of immunostaining in sections of adult tissues where leptin mRNA has been shown not to be expressed.
DISCUSSION
The present study demonstrates that leptin gene expression and mature leptin protein are present in a number of tissues in the fetal mouse (Fig. 3A) . This contrasts to previously published data, indicating that in adults leptin is almost exclusively synthesized and secreted by white adipose tissue (2) . The expression of OB-R mRNA and protein in the same tissues, but different cell populations, indicates that leptin may function in an autocrine or paracrine manner in the fetus (Fig. 4) . This expression of leptin in fetal tissues suggests that the hormone may be involved in the growth and development of the fetus. High levels of leptin and its receptor (both mRNA and protein) were expressed in the placenta (Figs. 1-5) . Further, the combination of RT-PCR and in situ hybridization demonstrated that both the short and long splice variants of the OB-R were present in the placenta. This suggests that leptin has an important function in this tissue. The presence of the OB-Ra mRNA, which previously has been linked to the transport of leptin (22) , suggests a role in the transport of maternal leptin to the fetus or the removal of leptin from the maternal-fetal circulation. In addition, leptin apparently was differentially expressed in a number of species with different placentation. The specific site of leptin and OB-R expression in the placenta is under further investigation.
Although some areas of cartilage can be identified in the 14.5-day postcoitus fetus, it is not possible to differentiate clearly between bone and cartilage in the skeleton at this stage of development. High levels of leptin and its receptor (both mRNA and protein) are expressed in the fetal bone͞cartilage (Figs. 4 and 5 ). This implies a role for leptin in fetal bone and͞or cartilage development that may be linked to its influence on hematopoiesis in the adult (6) (7) (8) , although at this stage of development hematopoiesis is not underway in fetal bone (23) . However, it is noteworthy that expression of leptin and its receptor (both mRNA and protein) occurs in structures undergoing ossification at this stage of development, including the ribs, scapula, clavicle, humerus, ulna, radius, femur, and mandible.
OB-R and OB-Rb mRNA and OB-R protein were identified in the leptomeninges and choroid plexus of the fetal brain (Fig.  3) . This demonstration of OB-R protein in the fetal choroid plexus and leptomeninges by immunocytochemistry extends earlier studies in the adult rodent (16, 17) . We found no evidence of mRNA or immunoreactive protein in the hypothalamus at this stage of fetal development. This contrasts with the studies in the adult rodent, although low levels of OB-R gene expression in the fetal hypothalamus cannot be discounted.
The OB-R mRNA is widely expressed in adult rodent tissues (14, 15, 18, 19) in contrast to the murine fetus where, with the exception of brain tissues, only the lung expresses OB-R mRNA (Fig. 3) . No OB-R mRNA or protein expression was identified in the heart, kidney, liver, adrenal, or pancreatic primordium of the murine fetus. The fetal lung contains OB-R protein and OB-R mRNA, but not OB-Rb mRNA. The absence of OB-Rb mRNA in the fetal lung was in agreement with our previous data in the adult rodent (18) , but it is of note that this is the only fetal tissue that expresses OB-R, but not OB-Rb mRNA.
In conclusion, we have demonstrated that leptin and its receptor are expressed in the murine placenta and have described sites of leptin expression in the murine fetus that differ from the adult. This may reflect different roles for leptin in the adult, which have not developed yet, and͞or other roles in the fetus that are redundant in the adult, as has been reported for other factors (24) . Expression of leptin and its receptor occur in different cell populations in the ribs, suggesting a paracrine function. The high levels of expression of both leptin and OB-Rs in the placenta and in the fetus, suggests that this cytokine plays a key role in fetal development. One possible role is that of a fetal growth factor or a signal to the fetus of maternal energy status. Alternatively, fetal leptin could provide a signal to the mother of fetal growth and development. In the fetus, leptin appears to be multifunctional with both paracrine and endocrine effects.
